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FINAL TECHNICAL REPORT
(January 15, 1990 to January 15, 1992)

(1) Contract Title: Low-Frequency Noise Reduction in SQUID Measurements
Using Laser Switching

Number: N00014-90-J-1528

Principal Investigator: B. Cabrera
Physics Department
Stanford University
Stanford, CA 94305
Tel: (415) 723 - 3395

Program Monitor: Dr. Yoon Soo Park

(2) Technical Objectives: Reduce SQUID noise in measurements which are intrinsically low
frequency or dc. Such low frequency measurements fall below the l/f knee of the noise
energy spectrum and the SQUID performance is degraded substantially below the often
quoted white noise levels. We intend to improve the low frequency noise using input circuit
modulation at a frequency above the 1/f knee, up-converting the signal in frequency. In our
scheme the noise should approach the SQUID white noise floor and the slew rates should
approach the original SQUID system slew rate.

(3) Approach: Achieve the input circuit modulation using laser switched weak links in
superconducting circuits. We modulate an inductance bridge using closely coupled low-
inductance superconducting circuits which are opened and closed with laser diodes coupled
through optical fibers to modulate the inductance of the arms of the bridge by more than a
factor of ten. The bridge acts like a double-pole-double-throw switch which electronically
reverses the input coil leads to the SQUID input coil each half cycle.

(4) Accomplishments: We have completed our most productive year on this program. Our
collaboration with Martin Huber formerly at NIST, Boulder and now on the faculty of the
University of Colorado at Denver, has been very successful.

Most importantly, we have demonstrated reduction of the low-frequency noise in an rf
SQUID system using double-pole direct switching. Reductions of more than one order of
magnitude have been achieved in the SQUID energy noise spectrum. In addition, we have
demonstrated the principle of inductive modulation at a modulation depth of 3%.

In understanding the inductive modulation, we have made detailed measurements on the -

kinetic inductance of a thin-film of niobium (see attached preprint).
Wi

We have also developed laser switching technique, for the first time using laser diodes,
which avoids trapping of magnetic flux. We can avoid the trapping by using a mechanical

shutter with the laser diode. In addition, we have taken advantage of the trapping to study
the pinning force on a single trapped vortex in our niobium films (see the attached preprint).
This is the first direct measurement of the elementary pinning force that has been reported.
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(5) Significance: This scheme for the reduction of low frequency noise in SQUID
measurements has been demonstrated for both the direct modulation scheme and the
inductive modulation scheme, and substantially improves (by more than one order of
magnitude in amplitude) the signal to noise in all measurements below the 1/f knee where
the noise is currently dominated by SQUID noise.

(6) Future Efforts: During the next phase of our program, we will complete the study of the
direct switching scheme and develop a high-bandwidth electronics system to take optimum
advantage of it. We have requested funding for the purchase of a Quantum Design dc
SQUID system which will allow us to investigate the intrinsic noise of the switching scheme
at lower levels. We will improve the inductive switching scheme by increasing the
modulation depth and we will test thermally stabilized laser diodes to obtain better stability
of the switching network. In addition, we will test the switching techniques on YBCO. If
the technique is successful, the potential for enormous improvements in the large low-
frequency noise of YBCO SQUIDs would materialize.
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CORRELATION OF FLUX STATES GENERATED BY OPTICAL SWITCHING OF A
SUPERCONDUCTING CIRCUIT*

Charles E. CUNNINGHAM, George S. PARK, Bias CABRERA, and Martin E. HUBER §

Physics Department, Stanford University, Stanford, California 94305, USA; § National Institute of
Standards and Technology, Electromagnetic Technology Division, Boulder, Colorado 80303, USA

We pulse a superconducting microbridge with light, changing the quantum flux state of a superconducting
circuit. Long sequences of pulses are used to measure the degree of correlation between successive flux
states. In a series of runs, the pulse length was changed over six decades from 6 ns to 10 ms. The corela-
tions fit a simple Fokker-Planck conditional probability model.

1. INTRODUCTION Optical
We have created a fast, low noise switch using Ruby n Nb

light to drive a superconducting microbridge nor- (a) F Film
ral.(l) We plan to use a network of such switches
to avoid the 1/f noise in SQUID magnetometers by
chopping the input circuit.(2) A switch was con- rf SQUID
nected across the terminals of an rf SQUID for
characterization. With the switch open, the mag-
netic flux in the circuit is arbitrary. With the
switch closed, the flux falls into the nearest quan-
tum state, * = n 40, where #,o = hWfe and n is an

integer. We noted previously that the correlation circuit
between successive flux states was strong with 100 Fig. I (a) Laser driven switch. (b) Test ir it
nspulses andabsentwith30mspulses.(1) Inth forswitch. L0=2.24jiH, R0'2f,LI m0.4IA-,
experiment, the pulse length was varied over the Rswitch"- 250 Q
intermediate range to test a proposed model.

2. EXPERIMENT The switch is opened by sending 850 nm light
The switch (Fig. Ia) is a Nb line 1.5 mm long from a 2 mW cw laser diode down the fiber. A

by 2.2 pm wide by 24 nm thick connecting two Nb threshold intensity of about 0.25 LW/pm 2 is ne-
contact pads. It is deposited on a sapphire chip cessary to drive the illuminated section of the line
(6.3 mm x 6.3 mm x 350 pm). These chips are nonnal, opening the switch. Flux can be trapped
fabricated at NIST, Boulder using dc sputtering in metastable pinning sites in the switch, resulting
and plasm etching. We make -h in a nonquantized value of the flux in the circuit.
contact with the chip by compessing dimpled Nb When the switch is superconducting, the laser in-
foils against the pads. The foils are spot welded to tensity is biased just below threshold to provide
Nb wires that am connected to an rf SQUID. An thermal energy which allows flux to detrap. Un-
optical fiber with a 50 pn core is held directly fortunately, 50 giW peak-to-peak noise in the laser
over the line by a ruby fernle which is bonded to intensity moves the bias level into and out of the
the chip with epoxy. detrapping range during a run.

* Contribution of the U. S. Goverment, not subject to copyright in the United States.

021-4626/90/0.50 @ 1990 - Elsier Scince Publishers B.V. (North-Holland)
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Using 'He exchange gas (62 Pa), the chip was
heat sunk to a liquid 4He bath. The circuit is sur- * 1.0 -

rounded by a Nb shield within a low temperature 1200 trapped
and high permeability alloy cylinder that attenu- flu b

ates the ambient magnetic field to less than 0.1 gT. (a)
The SQUID output is recorded on a digital oscil- 0.6 (

loscope, and the data is sent to a computer for av- 0.4
eraging over 16.7 ms intervals (to remove 60 Hz O0 = 1.388 0

6 0 1
noise) and for storage. 0.2 0.053 s 01

3. THEORY AND DATA ANALYSIS 0.0 ----.
The circuit shown in Fig. lb has two paths for 0

circulating current. Loop I has a 1.5 ns time con- 10- 1 1. . . . .
stant (switch normal), and loop 2 has a 1.3 gs time Opticl 0 10Pl 10

constant. When the switch is normal, the Johnson Optical Pulse Length (s)

noise from Ro can change the flux in either loop
no faster than its time constant. Since Lo > L1, the Fig. 2 (a) Point-to-point correlation of flux
majority of the magnetic flux is in loop 2. Thus, states with best exponential fit to Eqn. 2. (b) His-
optical pulses between 1.5 ns and 1.3 ps affect only togram of 20 000 points of flux data plotted mod-
the relatively small amount of flux in loop 1 and ulo 0. Inset: trapped flux points magnified x 20.
make a small change in the total flux in the circuit.

If the flux in the circuit is 0i before an optical
pulse of length t the probability of finding a flux 4. CONCLUSION
i1+1 in the circuit is given by the solution to the The proposed model fits the data well. Theory

Fokker-Planck equation (3): predicts a time constant of 1.3 ± 0.1 ps, with accu-
2 racy limited by the measurement of the shunting

P xresistance Ro. The fit to Eqn. 2 indicates a time
2LkBTl* (1exf -2t constant of 1.388 ± 0.053 ps. The flux trapping
2LkBT[ I --e-- 2  appears to be due to the laser diode, as previous

operation with a Nd:YAG laser (1,5) did not trap
where r = L0 / Ro is the time constant of loop 2 and flux. We are now working on the laser stability
T is the temperature. For a given set of flux data and, once stabilized, will use the switch to study
( i generated by pulses of length t, Eqn. I pre- the intriguing dynamics of the flux trapping pro-
dicts a point-to-point correlation function: cess by varying the laser parameters.
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The Laser Switch in SQUID Measurements:
Fundamental Exeriments and
Low-Frequency Noise Reduction

Blas Cabrem

Physics Department, Stanford University
Stanford, California 94305, USA

Abstract. We are developing a laser-driven superconducting switch.
The switch has been used in several fundamental physics experiments
which utilize SQUIDs, and in a noise reduction scheme for low-frequency
SQUID measurements. The experiments include characterization studies
of the laser switch itself, a direct measurement of the pinning force on a
single vortex, the measurement of the Cooper pair mass, a study of the
Aharonov-Bohm effect, and a measurement of the kinetic inductance of a
superconducting thin-film. The noise reduction scheme is based on
modulating the input circuit of a SQUID at a frequency above its I/fknee.
The demodulated output is then devoid of the SQUID noise below the
modulation frequency. This paper reviews these experiments and reports
on their status.

1. The Laser Switch

A number of investigations about the interaction of optical radiation with
superconducting crobridgs appear in the literature [I 1, including studies
on switching times and relaxation processes. However, the devices
described in this paper were the first to utilize the high sensitivity of
SQUIDs together with a laser-driven superconducting switch. Using this
combination, we have developed new techniques for a number of
interesting experiments.

The basic switch (Fig 1) consists of a niobium thin-film microbridge
which is illuminated with a laser beam fed dough an optical fiber. This
fiber is attached to the chip using commercial ruby ferrules which are
eXd tothealut, t crystalline silicon or sapphire. We have
used two soures for the laser Illumination, a 300 mW continuous wave
Nd:YAG aud svel laer diodes.

To cmctede the switch perfonnance, we have connected it directly
ace the up teminals ofan rf SQUID (21. Fig 2a shows a sequence of
flux readings taken using the Nd:YAG with a mechanical shutter run in a
square wave mode at about I 1z. The points along the center of the plot
ate prodaced during the laser-on portion of the square wave when the input
circuit Is OWpn, whereas the wide distribution of quantized points
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Sapphire Substrate

Niobium Film

Fig I Schematic of laser switch.

corresponds to flux states obtained during the laser-off portion when the
quantum coherence is reestablished around the ring. The quantized flux
distribution forms a Gaussian which is centered around zero current in the
input circuit and has a Boltzmann standard deviation given by 0.2/2L -
kT*/2 where L (2 piH) is the inductance of the input circuit and T*, usually
near the TC of the fllm, is the freeze-out temperature below which it is very
improbable for vortices to move across the microbridge. The position of
each point in the distribution is uncorrelated with respect to the position of
the previous point.

Next, we use a pulsed laser diode for the the illumination. Now the
pulse duration (laser-on) is about 100 na and again a quantized Gaussian
distribution is formed (Fig 2b). However, successive points in the
distribution are now strongly correlated, much like a random walk. These
correlations are due to the presence of a 3 ohm shunt resistor which is in
parallel with the switch across the Input of the SQUID. When the switch
remains open for times short compared with the T - L/R time constant (.75
ps), the shunt resistor acts like a superconducting short, preventing flux
from entering the input coil of the SQUID. The distribution of points
formed from a set of values immediately following a particular flux state
also are Gaussian, but have a narrower standard deviation given by 41.2
- LkT*( I - e'2V)l. The centroid of this distribution is near the previous
flux state, but shifted toward the zero current position. These ptoperties
are described by the conditional probability function [21

2
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We performed a careful study of the fit of our data to this function for a
range of pulse times from 6 as to 100 ms. The data fit the function well
(Fig 3) and convincingly set an upper limit on the switching times of
<6 ns. The thermal relaxation time constant for these films is 1 ns.
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Figl 2 Evolution of flux quantum states (a) using a Nd:YAG laser,

and (b) using a laser diode.
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Fig 3 Fit ofdata to conditional probability function.

One final point about the switch operation is that in looking closely at
the distribution from the laser diode data (Fig 2b), we find non-quantized
flux points which occur about 5% of the time. These correspond to a
vortex which is trapped right in the area of the film which was illuminated
by the laser. The apparent fractional value in the flux is due to the
superposition of two different flux quantum states on opposite sides of the
vortex, and its value between the two states is roughly proportional to the
position of the vortex along a direction perpendicular to its length. Next,
we will utilize this feature to study the vortex pinning force.

2. Vortex Pinning Force

Very recently, we have taken advantage of the flux trapping as a tool to
measure the pinning force on a single vortex [3]. We repeatedly open and
close the lor switch until a fractional flux value is obtained. Then, we run
a current through the 2 Mzm wide niobium line until the vortex moves to the
edge of film, usually all at once, but sometimes in two steps indicating that
it fellimoa deeper pinning site on its way to the edge and a larger current
was needed to free it. The circuit which provides the current has two
branches, the firt is connected in pmallel with the switch and the second is
inductively coupled to the SQUID input circuit. An adjustable bridge
proportions the drive current in such a way that the SQUID output remains

4



constant unless the vortex moves. Using this technijue, we have
measured single-vortex pinning forces in the range of 10-4 N/m for our 20
nm thick Nb films.

We plan to extend the technique in two ways. First we will use a dc
SQUID to improve the signal-to-noise by more than an order of
magnitude. With this increased sensitivity, we will examine the elastic
region where the vortex moves in its pinning potential but does not escape.
It will then be possible to map out the shape of the pinning potential.
Second, we will attempt to utilize the technique on high temperature
superconductor films such as YBCO. The technique will work, unless we
trap many vortices each time we operate the switch. We have been very
encouraged by the initial results with low TC films and feel that this
technique will be very useful in pinning studies.

3. Cooper Pair Mass

Originally, we developed the laser switch for an experiment to determine
the mass of a Cooper pair [4]. The mass m* is defined through the
quantum mechanical relation m*v - (h2W) grad 40- e*/c A, where v is the
superfluid velocity and 40 the phase of the order parameter. For a bulk
superconductor at rest in the laboratory, v-0 in the interior so no
information can be obtained about m*. In fact it is necessary for curl v 0
0 around a closed path. This condition is easily achieved using a rotating
superconductor. From the gauge invariant relation above, it can be shown
that the interior of a rotating superconductor contains a uniform field
proportional to the angular velocity o. This field, BL - 2m*c/e* w is
called the London field.

If we now consider a rotating ring, we can measure this London
magnetic flux in terms of the flux quantum 40 - he/e*. The total flux
measured by a stationary pick up loop connected to a SQUID is given by
4 - n 40- (2m*/e*) w-S where S is the area bounded by the ring. This
equation corresponds to a set of parallel lines (see data in Fig 4) which are
separated by 4*0 along the 4 axis and by Aw along the frequency axis.
Looking at the equation, we see that Wm* - 2 Aw S. Thus by measuring
Aw and the area S to high precision, we obtain a direct measure of Wm*.
We have made such a measurement with a statistical accuracy of 5 ppm and
a systematic uncertainty of 20 ppm.

Measuring an area to such precision required depositing a thin-film
supipconducting line on the equator of a precision quartz hemisphere, and
using laser interferanetric methods to measure the equatorial area [41. The
precision for the Aw determination is made by sweeping the spin speed
through about 1000 null crousings. Fig 4 shows a slow spin ramp through
0.5 Hz change. Each point Is taken after the coherence of the ring is
broken and reestablished using a laser switch positioned to shine on the

5
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Fig 4 Flux quantum data during slow ramp of spin speed.

line. Without the switch we would always remain on the same line and be
unable to measure the frequency shift between lines. As with Fig 2a, the
distribution of data points along the it ais forms a Gaussian centered
around zero current in the ring. Now however, the flux quantum states are
tilted due to the additional phase shift of the order parameter produced by
the rotationl.

Our result for in', the Cooper pair mass with relativistic corrections
added is (&/2mn)m - 1.000 084 (5) (20). Thus a Cooper pair has very
nearly the mas of two free electrons at rest. However, several
calculations suggest that (m'2m,) - 0.999 992 (4), not only smaller in
magnitude, but also on the other side of unity. Interestingly, the relativistic
corrections contain a kinetc energ and a potential eneru term, with
(T/2m C2 - + 0.000 180 and (>2M.C 2 - - 0.000 188, such that
arondero r- +[(T+V)2mc. o r measurement suggests that a
complete relativistic treatment might result in m/2m. -
t+[(T>+'/ 2(V)12mc 2 - 1.000 086. A more detailed calculation needs to
be performed which includes all first-order relativistic effects in a
self-consistent formalism. We also plan to improve the measurements.

4. Absolute Almronov-Bohm Effect

Our expemt to measure the absolute significance of the magnetic vector
potential [51 was motivated by a suggestion that the absolute magnetic flux
through conting circuits might contain a fractional residue [61. In
this theory flux quantization trough a superconducting circuit would take
the form A dl - (n+r) p where n is an integer and <r< I is a residue.

6



The superconducting circuit would trap r at the time the global phase
coherence was first established around the circuit. Subsequent changes in
the flux threading the circuit, which arise from vortices passing through a
Josephson junction or across a microbridge, would change n but not r,
since the local phase coherence Is always maintained in such microscopic
processes with dimensions smaller than the coherence length of the
superconductor.

In order to test for the possibility of fractional flux quantization, it
was necessary to devise an experimental technique for completely
destroying and reestablishing the phase coherence over distances much
greater than the coherence length. Repeatedly heating a portion of a
macroscopic superconducting circuit does not generate a quantized flux
distribution because vortices are trapped in various portions of the
superconducting material making up the circuit. Since the locations of
these vortices change after each cooling, a continuum of flux values is seen
in measurements.

Our laser switch circumvented these experimental difficulties and
allowed for the first time a sensitive test of the fractional flux quantization
theory. Fig 5a shows a schematic representation of the experiment. The
optically switched element is connected directly across the input coil of an
rf SQUID sensor. In addition, the circuit threads a toroidal solenoid (Fig
5b) enclosed in a superconducting shield which can couple flux to the
circuit while shielding all portions of the superconducting material from the
magnetic field. The shield geometry is not a closed toroid, which would
prevent any changes in the magnetic flux coupling to the circuit, but rather
there is a long overlap region which is electrically isolated.

To test the absolute nature of the Aharonov-Bohm effect, a slowly
changing magnetic flux was introduced through the circuit using the
toroidal solenoid. Data were taken before, during, and after the ramping
(Fig 5c). The centroid of the distribution remains at zero current (as in Fig
2). To calibrate the slope of the ramp portion, an identical run was
performed with the laser intensity turned down so that the switch remained
superconducting throughout. These data are superimposed with no dc
offset and show that the slopes are the same for the two runs.

To within the experimental uncertainty of about 1%, these
SQUID-based data show that flux changes made by a toroidal solenoid
when the circuit is open and without global phase coherence are always
accounted for in full when the circuit is later allowed to return to the
phose-coherent quantum state. There was no evidence for fractional flux
quantization in superconducting circuit and the data are completely
comsiteat with the absolute significance of the magnetic vector potential in
cnVWenloumI quantum mechanics.

7
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5. Kinetic Inductance

We have recently completed a detailed study of the kinetic inductance of a
thin-fim circuit, mieamuuing both lta absolute value and its temperature
dependence [7). We find exceilent agreement with the predictions of BCS
theory in the dirty limit [8].

The inductance of a superconductor has two parts, one due to the
magnetic field and the other due to the momentum of the current carriers.



eecan be derived fr. the fluold quantization condition 4)+ (4x/c) X27J -sd n )0 where 40 is the wagnetic flux threading the loop and J. is the
supercurrent density. We can further obtain a lumped parameter equation
by integrating over the cross-sectional area of the wire, so that J, becomes
the total current I. Then LMI + LrI - n 4b0, where LM is the magnetic
inductance and LK the kinetic inductance. For a wire with thickness t and
width w both small compared to X, the current density is approximately
uniform across the wire and the kinetic inductance has the simple form LK
=O 2 Vwt where I is the length ofthe circuit. We have transformed from
cgs to SI units so that LK can be easily compared with LM in henry.

The circuit shown in Fig 6a is patterned from a single 11 Im thick
niobium film on a silicon substrate. It consists of a 1 mm square loop
which can be interrupted with the laser switch and a 20.5 turn inductively
coupled coil which surrounds the square loop. This coil is directly
connected to the input circuit of the SQUID after passing through a toroidal
solenoid which is used to change the applied flux through the circuit.

Having previously determined the inductance of the SQUID input
inductor to be 2.24 iH, the measurement of the total inductance of the
square loop is made utilizing three measurements. First the response of the
SQUID to a ramped current in the solenoid is measured with the square
loop normal. Second the measurement is repeated with the loop
superconducting. Finally, a distribution of quantized flux levels is
measured In the loop by repeatedly opening and closing switch and the
response to a 1 40o change is determined. These three independent
measurements allow L2, LI, and M to be determined. The procedure is
repeated over the range of temperatures allowed by the SQUID.

The results for the total inductance of the square loop are plotted in
Fig 6b. Also shown is the best fit for the magnetic inductance which is
very nearly temperature independent and kinetic inductance which diverges
as the temperature approaches the critical temperature. However, the
divergence from the BCS dirty limit is significantly slower than the
phenom-enologcal relation I/(I-(T/T) 4) which is approximately correct for
the clean limit but should not be used for this case. A better
phenomenological relation is Ill-(T/r,))2. The best fit parameters for
the BCS dirty limit are L2m -5.4 +/- 0.3 nH, L2 K(0) - 3.3 +/- 0.2 nH and
X(O) - 127 +/- 9 m, whereas the no free parameter calculated values are
LeM - 5.8 - 0.1 nil, L2K (0) - 3.1 +/- 0.4, and ,(0) - 122 +/- 1 nm.
Wcmlder this fit to be excellent and the greatest source of error is due to
the uncetinty in the film thickness (11 +/- 1.5 tim).

Note dat these values for , ame about 50% larger than usually quoted
for Nb films because below about 20 nm in thickness, the resistivity
increnes and the tramition temperature decreases. Also note that for the
BCS dirty limit the kinetic inductance can be written as L(0) - (h/2,)
B/A, which depend only on the normal state resistance R and To, through
A - 1.76 kTo and is independent of film thickness and coherence length.

9
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Fig 6 (a) Schematic of kinetic inductance measurement circuit.
(b) Calculated and measured inductance of square loop.

6. Reducing Low-Frequency Noise

In the previous sections, we have discussed a number of SQUID-based
fundamental experiments. In all of them, we were forced to use the
SQUID at low-fequences, where the I/f noise dominates the energy noise
spectum. Much progress has been made on reducing the /f noise in dc
SQJUIDs by making better junctions and by using bias current modulation
19. However, that technique does not remove the so-called flux noise. In
addition, the design for the lowest white noise SQUID, utilizing submicron
junctions, often have wome /f noise. Instead, we are developing an input

10



coil circuit modulation scheme which Is an add-on component between the
pickup col and the SQUID input coi [101.

Fig 7a shows a schematic of the chopping idea. To demonstrate the
idea, we have adapted the same circuit used to measure the kinetic
inductance to modulate the SQUID input circuit. Unfortunately, only a
3.5% modulation depth is produced, but the experiment demonstrates
improved low-noise pefformance and proof-of-principle.

Fig 7b shows the noise energy spectral density for our rf SQUID
including the /f portion (solid line). By forming the difference output
between the laser switch on and off SQUID output, we obtain the upper
spectral density. Its white noise is (/.035)2.w 1000 times higher, but the
low frequency noise is actually lower in the hashed region. We are
currently developing a design which uses a dc-SQUID-style washer coil,
we expect to obtain modulation depths of over 50%.

PICKUP
LOPFIKRq OPTICS

eRADIATION ON

(a) o RADIATION OF SQUID V

'2 10 1 1 1 1

0- e pmjecld noe _ucn

Freuency (Hz)

Fig 7 (a) Schematic ofinp t circuit modulation. (b) Noie energy
0secta from deo run with chip in Fig 6a.
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7. Conclusions and Acknowledgements

These experiments have demonstrated several interesting techniques
utilizing the laser switch in SQUID measurements, and we are confident
that these will continue to improve and others will be developed. The low
noise reduction scheme has been shown to work, and is a promising way
to significantly improve low-frequency or dc SQUID measurements.

The experiments described in this paper were performed by a number
of students and colleagues. These include C. E. Cunningham and G. Park
currently at Stanford, D. P. Saroff currently at NASA-Ames Research
Center, J. Tate and D. McIntyre currently at Oregon State University, J. T.
Anderson currently at Hewlett-Packard, and M. Huber currently at
University of Colorado at Denver. This research was funded in part by
ONR Contracts N00014-87-K-0135 & N00014-90-J-1528, and NSF
Grant DMR 84-05384.
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FIGURE CAPTIONS

Fig I Sdcematc oflawr switch.

Fig2 Evolution of flux quantum states (a) using a Nd: YAG laser, and
(b) u4g a laser diode.

Fig 3 Fit of dat to coddond probability function.

Fig 4 Flux quantum data during slow ramp of spin speed.

Fig 5. (a) Schematc of supercondctin circuit with laser switch and (b)
toroidaJ solenoid. (c) Dta nn with ramped solenoid current and a
superimposed an with the switch superconducting thoughout.

Fig 6 (a) Sdmdc of kinetic hlcance memurement circuit
(b) Calolated and messured aA ance of square loop.

Fig 7 (a) Schemadc of Input crazt modulation. (b) Noise energy spectra
from demosadon nn with inductance modulation chip in Fig 6a.
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Abstract deposited on a sapphire chip (6.3 mm by 6.3 mm by 350 pm), and a
passivating 1 pim layer of SiO is deposited over the entire chip except

La light pulsed onto a Nb microbridge drives it momentarily at the pad areas. These chips are fabricated at NIST, Boulder, using
normal and changes the quantum flux state of a superconducting dc sputtering and plasma etching. We make superconducting contact
inductive loop. The flux state is measured by a SQUID coupled to with the chip by compressing dimpled Nb foils against the pads. The
the loop. With a Nd:YAG laser, vortices are never trapped in the foils are spot welded to Nb wires that are connected to an rf SQUID.
micoridge; with a diode laser, vortices are sometimes trapped. The An optical fiber with a 50 ptm core is held directly over the meanderp distribution of the trapped flux was studied. The effect of the square by a ruby ferrule epoxied to the chip (Fig. 2).
optical pulse fall time on the frequency of flux trapping was found to
be unimportant from 200 ns to 8 ms. Noise spectrum analysis indi-
caes that the laser diode is 5 to 25 times noisier than the Nd:YAG Optical
laser at the characteristic frequency of the loop. This noise is be-
lieved to be responsible for flux trapping in the microbridge. Fiber Ruby~Substrate Film

We am testing a fast, low-noise switch for use in a chopping net-
work to reduce the 1/f noise in SQUID magnetometers. Our switch
is a superconducting microbridge which is driven normal through
photon-electron interactions.1 The film remains below its thermody-
namic transition temperature, and the resistance of the switch follows
the optical power on a nanosecond timescale.2 The microbridge is
repeatedly pulsed with laser light. The thermal energy at the switch
and the inductance of the superconducting loop are large enough that

2
0< kBT

2 L 2 Figure 2. Positioning of the optical fiber over the meander.

so the system can fall into any of several quantum states* = n 4 The chip and the SQUID are set in an epoxy fiberglass housing
where #o = W/2e is the flux quantum of superconductivity and n is an surrounded by a Nb shield. This assembly is placed within a low
integer. With light from a shuttered Nd:YAG laser, the system temperature, high permeability alloy cylinder that attenuates the
always falls into a quantized flux state. With a current modulated ambient magnetic field to less than 0. 1 gT. The assembly is heat
diode laser, however, flux is occasionally trapped in the microbridge, sunk to a liquid He bath using He exchange gas at 62 Pa (0.8 torr)
which is detected as a nonquantized flux state. As flux trapping for thermal coupling.
would increase significantly the noise in our modulation scheme, it isimpotan todetrnie th coditonsundr whch luxis raped.The switch is opened by sending laser light down the fiber from
importn to determine the conditions under which flux is pped, either a Nd.YAG or GaAIAs diode laser. A threshold intensity of

about 0.25 LW/i 2 is necessary to drive the illuminated section of
the microbridge normal, opening the switch. The 1.06 tun light from

The switch (Fig. 1) is a meandering Nb line 2.2 gim wide and 24 the Nd:YAG laser is modulated with a shutter (0.5 ms closing time),
ho contact pads. The meander has a 5 and the 850 nm light from the diode laser is modulated by changingnm thick connecting two Nb 70ntat pae. Th ater s the diode current. The laser intensity is monitored by a photodiodepitch and occupies a 70 pmr by 70 pxm square. This pattern is rciig8 ftelsrlgtreceiving 8% of the laser light.

The SQUID output is sent through an antialiasing filter to a digital
oscilloscope. A computer reads these data and averages them over an
integer multiple of 16.7 ms (to remove 60 Hz noise).

As the switch becomes superconductive, the loop falls into the
nearest quantum flux state which satisfies Eq 2.

*+ ILO fJs at- n0o, (2)

where is the London penetration depth of the superconductor, 0 is
the magnetic flux threading the integration path, js is the supercurrent
density, and n is an integer (constant for all integration paths). Dur-
ing the superonductive transition, this process may go awry if flux
inthemictabrldgets apped in a metastable pinning site. In that

Pipm 1. Optcal swic chip. The meander is not drawn to scale. case, Eq 2 becomes
*Cmthind m Of t, U.S. Govemmen not subject w o t Ito Ts " n l vortex (3b

14-mlU UUJF i 1990. f (nbelow vort(3
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with different quantization conditions for integration paths around the 1.0
loop which pass above and below the vortex (Fig. 3). This results in
a measured value of the magnetic flux modulo €O which lies between 0.8.
quantized flux states.

SQUIDO 0.6.

Inductive

Coupling 0.2
rings

0.0 0.2 0.4 0.6 0.8 1.0

vortex vortex position / microbridge width

Figure 5. Fractional flux coupled to the SQUID due to the vortex.
The two models are in good agreement except at the edges, where the
large current gradient causes the discrete model to break down.

Impurities and thin spots in a superconducting microbridge form
pinning sites. The measured distribution of trapped flux depends on

Nb Pads the depth of the pinning sites relative to the available thermal energy
as the microbridge cools. With a deep pinning site, the vortex has in-

Figure 3. Integration paths (a) above and (b) below vortex, sufficient thermal energy to escape and is always trapped at the same
place. As the noise due to flux motion in the pinning site is much

We calculated the circulating current generated by a trapped vortex less than the SQUID noise, the width of the distribution of flux in a
at various positions in the microbridge. For simplicity, the problem deep pinning site equals that of the distribution in the quantized state.
is made one-dimensional by stretching the core of the vortex into a
line containing the same amount of magnetic flux at the same distance If there is no deep pinning site, the vortex can be trapped in one
from the edge of the microbridge. In one model, the loop is treated of the many shallow sites. As the microbridge cools, the vortex has
as concentric filamentary rings (Fig. 4a); in the other, it is treated as enough thermal energy to hop between sites. Fig. 6 shows the ener-
parallel filaments attached to a bulk inductor (Fig. 4b). The magnetic gy of a vortex in a microbridge with no pinning sites.3 The vortex
flux penetrates the superconductor between filaments. The loop re- feels an expulsion force proportional to the gradient of its energy.
acts to the vortex by generating a current distribution determined by Where the gradient is large (near the edges), the expulsion force ex-
the quantization condition, Eq 3, which may be rewritten for the ceeds the pinning force, and the vortex can escape. Where the gradi-
filaments as: ent is small (near the middle), the expulsion force is less than the pin-

ning force, and the vortex will be trapped. The measured distribution
40 (a < avoex) is the sum of contributions from many pinning sites, so the width is

X(Ma b + 8a b LK)lb 0 a> avoIb -) (4) greater than that of the quantum flux states.

b

where Mab is the mutual inductance matrix and LK is the kinetic in- 6.
ductance of the filament. By inverting Eq 4, the filamentary currents 8 xIO
are calculated. They are summed to obtain the extra current which
couples to the SQUID due to the vortex. As is shown in Fig. 5, a
tpped vortex results in a measured value of the flux modulo l

which is related to the physical position of the pinning site in the e 0nucrboge. > 4 xl6.•
4 X10

OxlO 6 ..

0.0 0.2 0.4 0.6 0.8 1.0

vortex position I microbridge width

Figure 6. Energy of a vortex trapped in the microbridge in units of
b) the energy of a flux quantum threading the loop.

Methad of Data Analysis

Dat ae taken in sets of 10000 flux averages (Fig. 7). From
each et, the data modulo #0 are binned into a histogram. A peak
between quantum state values whose width is comparable to that of
the quantum state peak indicates a strong pinning site. Although runs
with such peaks have trapped flux, they are not used in the calcula-

f 4. (a) Oime k frng model and (b) Pirallel filament model don of the irapping fhequency because the identification of the quan-
fl. tum state pmk versus the trapping peak is ambiguous.
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. --.. . .. . . 0

.0 4 8
Fall Time (ms)

Time (-60 minute duration) Figure 9. Frequency of trapped flux versus fall time, from 0.6 ms to
8 Ms.

Diode Laser: 200 ns - 250 us Optical Pulse Fall Times

Figure 7. SQUID output. In our next set of runs, we changed the chip and used a program-
mable pulse generator to modulate the diode laser. The optical pulse

In those runs with only shallow pinning sites, the number of trapped fall time was varied from 200 ns to 250 lis, with the total pulse length
flux points is estim:" -d using a statistical method known as maintained at about 5 ms. The fall was again linear. For these data,
Chauvenefs crite, - The points on the histogram are fit to a we lengthened the averaging time and improved the antialiasing
Gaussian. Those i whose probability of occurance is less than filtering.
1/20 000 are eli • d, and the Gaussian is recalculated with the re-
maI m points, process is iterated until the standard deviation Whereas the chip characterized in the previous section showed
ofthe uussian .. .ges. by less than 0.1% between iterations. no evidence of deep pinning sites, this chip appears to have three.
Those points that were rejected are considered trapped flux. When the deep pinning sites are active, flux trapping increases dra-

matically. Frequent pinning occurs in at least one of these sites in
Diode LX' 0.6 ms - I ms Opi lse Fall Times two thirds of the runs, regardless of the fall time. Fig. 10 shows

typical histograms of data modulo 40, taken at four different laserUsing the laser diode, we generated pulses with linear deay vary- pulse fall times.
ing from 0.6 to 8 ms the totiapulse length was maintained at about
12 ms. Besides the quantum flux peak, there is no sharp peak in the
distribution of trapped flux along the flux axis. This indicates the ab-
sence of any deep pinning sites. The distribution, shown in Fig. 8,
has the broad shape, central maximum, and fall-off at the edges pre-
dicted for flux trapped in shallow pinning sites. a b

1500 L l
1-1000 J P

c d

0 N
Figure 10. Histograms demonstrating deeply trapped flux in runs

FtIpr . Spatial diIU do of t apped flux. Inset location And with a) 200 n, b) 1.5 c,) 60 1s, and d) 250 1,s optical pulse fall
a of th mWpad flu mirtive te quantum state peak T data tI Half peaks on the sides of the graphs belong to the same pin-

modulo $ I hve h ban pkl*d over two periods, ning site, since the daa me plotted modulo ko

h ut.ewnm of vapped flux versus the fall time of the l-e out- One thid of die runs contained no evidence of strong pinning
is p t 9. Mweftequeny does not correlm with the fall saims. With diew rmna, we calculated the frequency of trapped flux

do OW ft um . . for the different pulse fall times and found no correlation (Fig. 11).
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Figure 11. Frequency of trapped flux versus laser pulse fall time. 0 25 50 75 100
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We replaced the diode laser with a continuous wave (cw) Figure 13. Oscilloscope traces of the diode (dots) and the Nd:YAG
Nd:YAG laser, leaving the rest of the system unchanged, and per- (squares) laser outputs at a 250 MHz sampling rate.
formed another set of runs. Unlike the laser diode system, the
Nd:YAG system never trapped flux in the microbridge. We believe that the increased noise at high frequency in the laser

diode is a major factor in the incidence of trapped flux. This noiseNoise Power Spectral Analysis causes fluctuations of the laser intensity on the timescale of flux cros-
sing the microbridge (about 2 ns). When the intensity decreases, it

Using a photodiode, we compared the noise power spectra of the becomes more difficult for the vortex to move in the line, and it is
two lasers (operating in cw mode) over a 500 MHz bandwidth (Fig. likely to fall into a nearby pinning site.
12). The periodic peaks in the noise power spectrum of the diode
laser, appearing every 17.6 MHz, are probably etalon modes of the Conclusion
5.5 mo fiber attached to the laser. We believe that the increased noise
starting at 200 MHz in the diode laser spectrum is due to relaxation We have determined that, in the time scale from 200 ns to 8 ms,
oscillations in the laser.5 Up to 200 Mz, the diode laser noise is the fall time of the laser pulse intensity does not affect the incidence
25% to 100% greater than the Nd:YAG laser noise. At 300 MHz, of trapped flux in an optically switched microbridge. For shallow
the diode laser noise is 5 to 25 times greater. It may increase further pinning sites, we have a model which correctly predicts the observed
at frequencies above the 300 MHz bandwidth limit of the photodiode. trapped flux distribution and relates the flux distribution to a spatial

distribution.

We believe that high frequency noise from the laser diode causes
- -flux trapping. Due to their high gain and small size, diode lasers are

-- -- - !- - - -. .. unusually susceptible both to relaxation oscillations and to reflections
which result in etalon modes. We are now working on a method to

- - ll l - -reduce this noise.

4 1 11 11 1 1 1 Finally, we have shown that it is possible to have switching with-
-V out trapped flux (using the shuttered Nd:YAG system) even with aC4_ 

- chip with known deep pinning sites. We are confident that such
I . switches can be used to reduce the level of 1/f noise in SQUID

gmagnetometems.
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Using a SQUID-based technique, we measure the Lorentz force needed to depin a single trapped vor-

tex in a superconducting Nb strip. The vortex is trapped by heating a portion of the strip above its criti-
cal temperature T,. with a laser pulse. Between 3.0 and 5.5 K, the pinning force obeys a power law
fp -fp(0)(I - T,)4, where fp(0) -(4.I ±0.4)x I0-4 N/m and n - 1.9 ± 0. I. We have determined at
a confidence level of 99.2% that we trap single vortices, rather than multiple vortices or vortex-antivortex
pairs.

PACS numbers: 74.60.Ge, 74.75.+t

Recently, there has been much interest in the pinning itially, the chip is held at a temperature below the nio-
forces on vortices in superconducting films. This interest bium's transition temperature. The laser is turned on,
stems from the importance of flux pinning for high criti- warming the meander into the normal state. When the
cal current densities in high-temperature superconductor laser is turned off, the entire meander usually cools into
films, and because the presence of trapped magnetic flux the superconducting state, and all magnetic flux is ex-
affects the performance of low-temperature supercon- pelled out the sides of the strip. However, if the rode in-
ducting devices. Vortex trapping is not well understood terference speckle pattern at the fiber output leaves a lo-
from a theoretical standpoint, and much work has been cal "hot spot" daring the turn-off, a vortex of magnetic
done to try to measure the vortex pinning force and its flux may get trapped within the strip [6]. It is energeti-
temperature dependence. Allen and Claassen W11 used a cally favorable for the vortex to leave the strip, but the
magnetically coupled coil to induce and depin groups of vortex can occupy a long-lived metastable state if the
vortices in a niobium film. Goldstein and Moulton 121 temperature of the chip is much lower than the critical
trapped vortices by heating a niobium film, and then ob- temperature of the niobium film. Under these cir-
served their expulsion by a temperature gradient. Unfor- cumstances, we can study the vortex.
tunately, these and other [3,41 experiments dealt with
groups of vortices, and so could not give a definitive value
for the intrinsic pinning force on a single vortex. Hyun et (a) Optical Fiber
al. [51 measured the single vortex pinning force using a Ruby Ferrule
diffraction method in a tunnel junction; however, the re-
sults apply only to "bent" vortices which penetrate just
one strip in a cross-strip Josephson junction and exit
through the insulator. In contrast to these experiments,
we have devised a method to measure the pinning force of
a single vortex in a simple superconducting strip. N Film

A 20-nm-thick film of niobium is deposited on a 6.3
mmx6.3 mm silicon chip by dc magnetron sputtering.
The film is plasma etched into two contact pads which are
connected by a 2.2-pm-wide strip. Halfway between the (b) Ic SQUID
peds, the strip is patterned into a zigzag meander of 5ju pmO VAV FEL
pitch which occupies a square 85 pm on a side [Fig.
I(a)]. An optical fiber with a 50-pm core is aligned over
the meander using a commercially available ruby ferrule Solenoid
which is epoxied to the chip. The niobium in the
meander can be driven normal by sending 0.3 mW of I0
850-nm laser light down the fiber. This system is con- Current
taind within a niobium cylinder and a high magnetic source
permeability shield which reduces the external field to FIG. I. (a) Laser switch chip. A simplified meander pattern
lesthan 10- T. has been drawn; the actual meander consists of eighteen lines.
We trap vortk in the meander using laser pulses. In- (b) Circuit schematic; heavy lines are superconducting.

1920 0 1992 The American Physical Society
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The trapped vortex is detected using an rf SQU ID (su- (a)
perconducting quantum interference device) magnetically
coupled to a superconducting inductive loop which con-
tains the thin strip [Fig. I (b)]. Superconducting contact
to the chip is made by pressing dimpled niobium foils
against the contact pads. Niobium wires are spot welded
to the foils and are connected to the SQUID's input coil.
One wire passes through a toroidal solenoid which is used
to couple magnetic flux to the loop. Since the entire loop
is superconducting, integration of the Ginzburg-Landau
equation around the loop forces the magnetic flux (b in-
side the loop to be some integer multiple of the flux quan- (b) (n+1)0, - - --

tum jo-h/2e: w a Tipve V.e

where j., is the supercurrent density, n is an integer, and X d

is the penetration depth of the superconductor. The line n-I1 ""

integral traces the superconducting loop through the
strip, foils, wires, and input coil. Except for the short Time (arbitrary units)
length at the strip, the loop is comprised of elements thick FIG. 2. (a) Current produces a Lorentz force on vortex. (b)

compared with the penetration depth; thus, since the su- SQUID response to vortex depinning by a current ramp
percurrent density vanishes many penetration depths in- through the chip (simulation).
side of these elements, the integral term in the equation is
small. The presence of a vortex changes the flux quanti-
zation condition because line integral paths which enclose The current divider is adjusted so that the solenoid
the vortex satisfy Eq. (1) with n becoming n ± I with current induces a shielding current in the superconduct-
respect to paths that do not enclose the vortex. If the vor- ing loop that exactly cancels the portion of 1, going
tex is a distance d from the edge of a strip of width w, through the SQUID input coil. This circulating current
and the integration path is a distance x from the edge of adds to the current in the strip, so that the strip current is
the strip when it passes the vortex, then I,. Experimentally, we were able to drive over 10 mA

through the strip before nonlinearities (most likely,
-- 0 2(.; • d i- fne o (0 < x < d), changes in the resistance due to Joule heating in the leads

d (n ± )00o (d <x <w). (2) and the toroidal windings) upset the balance of currents.

As we ramp the current through the strip, the Lorentz
Referring to Fig. 2(a), integration paths which pass force on the vortex increases until it equals the pinning
"above" the vortex will couple to the vortex flux, while force [Fig. 2(a)]. At this depinning current Id, the vortex
paths which pass "below" the vortex will not. Because "pops" out of the strip, and the event is recorded by the
the SQUID output voltage is proportional to the total cir- SQUID [Fig. 2(b)]. Assuming the current density in the
culating current, we know that a vortex is trapped in the strip is uniform, the depinning current density Jd -Id/Wt,
strip when the SQUID output is between quantum values, where w and i are the width and thickness of the strip,
Qualitatively, the situation can be considered in terms of and the depinning force is f, "Jd¢bo.
a vortex moving from one side of the strip to the other, Chip temperatures above 4.2 K are achieved by raising
continuously varying the value of the enclosed flux from n the probe partly above the liquid-He bath. Chip temper-
to n ± I. Since it is proportional to the enclosed flux, the atures below 4.2 K are achieved by pumping the liquid-
total current will also vary continuously from one quan- He bath. The temperature is measured by a carbon resis-
tum value to the other. If the vortex remains within the tor in thermal contact with the chip. These techniques
strip, the total current, and hence the SQUID response, are used in a separate four-terminal experiment to deter-
will remain between the two quantum values, mine our niobium sample's T, (at the experimental am-

Once we have induced and detected a pinned vortex, bient magnetic field of < 0.1 pT).
we apply a Lorentz force to it by slowly ramping a In a series of runs, we induce and depin single vortices
current through the strip. The current 10 flows through at temperatures ranging from 3 to 5.5 K. Below 3 K, the
an adjustable current divider, so that I, is sent to the chip SQUID no longer operates; above 5.5 K, thermal fluctua-
by a pair of Manganin wires spot welded to the niobium tions depin trapped vortices. The data are shown in Fig.
foils, and k, is sent to the solenoid [Fig. I (b)]. At the 3. The temperature dependence is clearly visible, but the
chip, the current I, divides: A fraction flows through the depinning current for different trapping sites varies by as
strip and the rest flows through the SQUID's input coil. much as a factor of 2 at any given temperature.
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10"3 tion across the width of the strip [7]. During the experi-
ment, we observed vortex trapping in sites spanning the

S[ i ~9 ±0. entire width; however, we studied only those vortices in
fp=(4.1 +0.4)x the middle 60% of the strip. Through this selection, we

were confident that we were looking at trapped vortex

.4 states, rather than fully superconducting states with10.4  biased noise.

We tried to correlate the single vortex pinning force
00 with the location of the vortex. Because of shielding

effects, the current density near tk- edge of the strip is
about 10% greater than near the center. Thus, for equal
pinning potentials, we would expect to measure up to a

10"  1 2 3 4 5 6 7 T 8 10% difference in the pinning force depending on the lo-
Temperature 6 7K) cation of the trapping site. However, the pinning force
Temperature (K) for different sites varies by as much as a factor of 2,

FIG. 3. Pinning rorce measurements with best fit by empiri- dwarfing the effect of the small nonuniformity in current
cal model, density. In our statistically small number of runs, we did

not see any correlation between pinning force and loca-
tion. Furthermore, we have seen double depinning events

We fitted our data by the empirical power law where the initial pinning site was near the center and the
fparme(O)(i - T/Tp, where T --7.35 K. The best fit second site near the edge. As stated before, this situation
parameters were f t()-(4.1 ±0.4) 1 0- N/i and n implies that the second site had a deeper potential than
-1.9 ±0.1. Because the details of the pinning mecha- the first, even after accounting for the effect of the in-
nism are not known, there is at present no theory to pre- creased current density.
dict values for e(0) or n. However, our value for f(o) In conclusion, we have developed a method to measure
is in general agreement with previous measurements. For the pinning force of single trapped vortices in our niobi-
example, Allen and Claassen [ll obtained fp(0) values of um strip over a substantial temperature range. This ar-

10-6 to 10- 5 N/m for niobium films which were special- rangement avoids the statistical uncertainties of multiple

ly prepared to minimize the pinning force. Since our rneetaod h ttsia netite fmlil
fls prered nto mimizerly tepinning feworc e. t nce o vortex methods as well as the complicated geometries of
films were not similarly prepared, we would expect and Josephson cross-strip methods. In the future, we plan to

have observed a higher value for the pinning force. The apply our technique to other materials.

measurement of Hyun et al. yielded an exponent of 1.5 This work has been supported in part by Office of Na-

151, whereas the niobium film measurement made by Al- val Research Contract No. N00014-90-J- 528. This ex-

len and Claassen yielded exponents of 2.7 ± 0.2 and periment is based in part upon work performed under a

3.5±0.3, depending on the film tested Il]. Our mea- National Research Council-National Institute of Stan-

sured exponent (1.9) lies between these values. dards and Technology Associateship (M.E.H.) and a Na-

Occasionally, we see two depinning events during a sin- tional Science Foundation Fellowship (G.S.P.).
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